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FOREWORD 
T h i s  r e p o r t  was prepared by the Crystal-Solid State 
Div is ion  of The Harshaw Chemical Company. The work has 
been sponsored by  the Space Power Systems Procurement Sec t ion  
of the NASA L e w i s  Research Center wi th  D r .  A. E. P o t t e r  
a c t i n g  as Technical Advisor and M r .  C l i f fo rd  Swartz a c t i n g  
as Pro jec t  Manager. 
P r o j e c t  d i r e c t i o n  has been provided by M r .  J. C .  Schaefer 
wi th  M r .  E. R. H i l l  and M r .  T,  A. G r i f f i n  a c t i n g  as p r i n c i p a l  
i n v e s t i g a t o r s  f o r  the research and developmnt work respec t ive ly .  
The following Harshaw personnel have contr ibuted t o  t h i s  
program: B. Keramidas, R. J, Humrick, R. W. O l m s t e d ,  D. J, Krus, 
W. W. Baldauf, N. E. Heyerdahl, P. Z. Marn, and C. A .  Morano, 
D r .  N. K O  Pope of the Royal Mi l i ta ry  College of Canada served 
as consul tant .  
Abstract 
The CdS f i l m  c e l l  has been s tudied  with regard t o  the 
l i g h t  absorbing material and the charge separa t ing  mechanism. 
Cells are reported t o  have been destroyed e l e c t r i c a l l y  and 
re turned  t o  o r i g i n a l  power. Vapor t r a n s p o r t  s t u d i e s  have 
continued f o r  CdS Gut no t  f o r  Cu2S, Experlhents  on c o l l e c t o r  
gr ids ,  i n t e r f ace  materials, CdS surface t reatments ,  non- 
aqueous b a r r i e r  formation so lu t ions  and subs t r a t e  mi l l ing ,  
a r e  reported.  
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Summary 
The research  on the CdS c e l l  and model has been continued. 
S tud ie s  of the l i g h t  absorbing material of the c e l l  have shown 
a change i n  c e l l  response with increas ing  temperature while 
the bandgap decreases  about loo3 e V  pe r  O K .  
between about 1.4 and 2.4 eV, the func t ion  y i e l d  decreases  
w i t h  increas ing  temperature. 
which does not  appear a t  lower temperatures,  
For ene rg ie s  
A t  WO°K a step appears a t  2,4 eV 
Studies of the charge separat ing mechanism and the h y s t e r e s i s  
ev iden t  i n  the I-V curve has shown the m a n s  of l i t e r a l l y  
des t roying  a c e l l  wi th  a forward bias and r e tu rn ing  i t  t o  f u l l  
ou tput  w i t h  a reverse  bias. Power can s t i l l  be e x t r a c t e d  
a f te r  a p p l i c a t i o n  of forward b i a s  which has been recognized as 
a p e r s i s t e n t  i n t e r n a l  po la r i za t ion .  
A s i l v e r  i n t e r f a c e  layer between the CdS l a y e r  and the 
m e t a l l i c  subs t r a t e  appears t o  be b e n e f i c i a l  . 
The CdS vapor t r a n s p o r t  msthod of forming a f i l m  was con- 
t inued.  F i l m  th ickness  and r e s i s t i v i t y  can be reasonably con- 
t r o l l e d  by proper  mixing of charge, perLod of t r a n s p o r t  and 
temperature of the boat. Thicknesses of 20 ~1 t o  30 p and resis- 
t i v i t i e s  of 10 t o  100 ohm-urn are r e a d i l y  produced, The t r anspor t  
r a t e  i s  a f f e c t e d  by th? t o t a l  time of  heater useage. 
Acid e t ch ing  of CdS b e f o r e  the formation of the b a r r i e r  
l a y e r  i s  shown t o  be e s s e n t i a l  f o r  higher e f f i c i e n c y  solar c e l l s .  
Vapor t r anspor t  of Cu@ has been c u r t a i l e d  because of l a c k  
of a n  ind iua t ion  of immediate b e n e f i t  toward improved c e l l  
e f f i c i e n c y .  The work t o  date has been summarized i n  t h i s  
r e p o r t  . 
Col lec tor  g r ids  formed by e l e c t r o d e p o s i t i o n  have improved 
1 
. 
i n  e f f i c i e n c y  but do n o t  show a last-step improvement i n  
power during lamination. 
and have been s o  produced. 
s a t i s f a c t o r y .  
without any p l a s t i c  encapsulat ion o r  reinforcement . 
Grids can a l s o  be appl ied  by pressure  
Time w i l l  show whether these a re  
This  procedure may a l l o w  f a b r i c a t i o n  of c e l l s  
Chemical and electrochemical  m i l l i n g  of s u b s t r a t e s  
a f t e r  c e l l  f a b r i c a t i o n  has been demonstrated t o  be p r a c t i c a l .  
Procedure i s  repor ted  and discussed. 
2 
. 
INTRODUCTION 
The cadmium s u l f i d e  (CdS) solar c e l l  i n  i t s  p resen t  state 
of development i s  composed of a t h i n  evaporated f i l m  of CdS on 
a conductive subs t r a t e  w i t h  a b a r r i e r  l a y e r  f o m d  along the 
Surface of the f i l m .  The s u b s t r a t e  a l s o  se rves  as a cu r ren t  
o o l l e c t o r .  A g r i d  i s  aff ixed t o  the b a r r i e r  l a y e r  i n  order  t o  
c o l l e c t  the ava i l ab le  power, Since the c e l l  i s  changing r a t h e r  
o f t e n  a more s p e c i f i c  desc r ip t ion  is no t  warranted. 
Fur ther  changes were indica ted  by the  model concept 
repor ted  a t  the Photovol ta ic  S p e c i a l i s t  Conference i n  October 
a t  the NASA, Goddard Space F l i g h t  Center. Uniform l a y e r  th ick-  
nesses  of CdS and cuprous su l f ide  (Cu2S) are desired i f  a 
maximum conversion e f f i c i e n c y  and power output are t o  be achieved. 
Evaporated CdS f i l m s  do n o t  provide all of the des i r ed  
q u a l i t i e s .  
i nd ica t ed  that the des i r ed  f i l m  thickness ,  uniformity,  freedom 
from p i n  holes  and cracks,  and con t ro l  of bulk f i l m  p r o p e r t i e s  
are poss ib l e .  The a p p l i c a t i o n  of a uniformly th iok  vapor 
t r anspor t ed  barrier l a y e r  would provide a c e l l  wi th in  the 
concept of the CdS model. 
excess ive  temperatures. Barrier formation by s o l u t i o n  dipping o r  
e l e c t r o p l a t i n g  f a i l s  t o  produce a uniform th ickness  o r  con- 
Experiments t o  form f i l m s  by vapor t r a n s p o r t  have 
Cu2S can be vapor t ranspor ted ,  but  a t  
t i n u i t y .  
Vapor t ranspopt  of CdS may prove t o  be s i g n i f i c a n t  since 
a low material u t i l i z a t i o n  is inherent  i n  evaporat ion,  whereas, 
EL very high u t i l i z a t i o n  f a c t o r  i s  Immediately apparent f o r  the 
vapor t r a n s p o r t  mthod.  This w i l l  be a major cons idera t ion  i n  
product ion .  
3 
Current c o l l e c t i o n  a t  the b a r r i e r  layer has always been 
a problem. Good c o l l e c t i o n  of  cu r ren t  i n i t i a l l y  and throughout 
prolonged thermal cycl ing are the pr- ob jec t ives .  Operating 
uel ls  with c o l l e c t o r  g r i d s  applied by e l e c t r o p l a t i n g  have 
accomplished the objec t ives .  Pressure techniques have a l s o  
been found t o  provide a means of a t t a c h i n g  grids., 
C e l l  model s t u d i e s  have provided a d d i t i o n a l  data. T k s e  
s t u d i e s  have been concerned with the l i g h t  absorbing material 
and the charge separating mchanism. The c e l l  junc t ion  can be 
changed by applying a forward o r  reverse  bias. 
4 
. 
Research on the CdS Model 
The two c r u c i a l  elements of a solar  c e l l  a r e  the l i g h t  
absorbing material and the charge separa t ing  mechanism. 
These two areas have been inves t iga ted  during t h i s  qua r t e r .  
Light Absorbing Material  
The absorpt ion was examined i n  r e spec t  t o  the temperature 
dependence of the s p e c t r a l  response of the c e l l .  A chemi- 
p l a t e d  3.36 e f f i c i e n t  c e l l  laminated i n  Mylar was mounted on 
a small ho t  plate  which was placed a t  the e x i t  s l i t  of  a 
monochromator. 
300°K, and 400'K. The da ta  a re  shown i n  Figure 1. The 
Spec t r a l  response was then measured a t  200°K, 
s i g n i f i c a n t  f e a t u r e s  a re  as f o l l o w s :  
1. A t  the low energy l i m i t ,  the change i n  response i s  
tha t  due t o  the  temperature dependence of  the bandgap. 
That i s ,  the temperature increases ,  while the bandgap 
decreases  a t  the r a t e  of about 10-3 eV p e r  O K .  
s lope should a l s o  change as the r ec ip roca l  of  the 
absolute  temperature, but  the noise l e v e l  obscures 
t h i s  small e f f e c t .  
For energ ies  between about 1 .4  and 2.4 eV the quantum 
y i e l d  decreases  with increas ing  temperature . 
A t  temperatures around 400°K, a s t ep  i s  seen a t  2.4 eV 
which i s  not  pre sent  a t  lower temperatures . 
The 
2.  
3 .  
The e f f e c t s  i n  2 and 3 can be explained by examination of 
the chemical r e a c t i o n  which i s  used t o  make the c e l l ,  which is:  
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Cu2C12 + CdS t C U ~ S  + C d C 1 2  
Fo (298'K) = - 12 k c a l  
Mole 
[cu2s] bdC12] = - I \F Ln 
p u 2 4  p s ]  RT 
If Cu2S i s  assumed t o  be the ac t ive  material f o r  photons i n  
the range from 1 t o  2.4 e V ,  then the quantum y i e l d  w i l l  be 
temperature dependent. A s  the temperature increases ,  the 
right-hand t e r m  becomes a smaller number, and the concentrat ion 
of Cu2S decreases.  Likewise, the CdS concentrat ion i n  the 
reg ion  of the c e l l  surface increases  w i t h  increas ing  tempera- 
t u re ,  r e s u l t i n g  i n  the s t ep  a t  2.4 eV a t  higher  temperatures.  
The n e t  resu l t  of increasing temperature i s  t o  cause a 
decrease i n  sunlight generated cu r ren t .  The loss i n  response 
between 1.4 and 2.4 e V  far  outweighs the ga in  due t o  the 
decreased bandgap. The change appears t o  be l i n e a r  over t h i s  
temperature range . The open c i r c u i t  voltage a l so  decreases  
l i n e a r l y  w i t h  temperature, a t  the r a t e  of above 1 m i l l i v o l t  
p e r  O K .  These two e f f e c t s  are shown i n  Figure 2. I f  the f i l l  
f a c t o r  remains constant ,  power w i l l  vary paraDoiicai iy  w i t n  
temperature.  For small changes i n  t h i s  range the quadra t ic  
t e r m  i s  s m a l l  and a l i n e a r  funct ion i s  a close approximation 
w i t h  a c o e f f i c i e n t  of the sum of the rates of change of voltage 
and cu r ren t .  T h i s  can be expressed a n a l y t i c a l l y  as follows: 
I = I -3 T = s h o r t  c i r c u i t  cu r ren t  
dT 
v = v  -dV 7 T open c i r c u i t  voltage 
dT 0 
d I  dV dI - dv T2 
a m  
UI 
P o w e r = I V = I V  - V  - - I  - T + -  
UI ~ r n  dT 6T 9 0  
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The l a s t  t e r m  i s  small, s o  
p z 1 v - 1  v - v  -- dl -1 - dV T 
dT o dT - 0 0  
d P  d I  1 dV - = -  1 
I V  d T  
0 0  0 0 
Thus, the f r a c t i o n  change i n  power i s  the sum of the 
f r a c t i o n a l  changes i n  cur ren t  and vol tage.  Using the data 
shown i n  Figure 2, t h i s  r e s u l t s  i n  a f r a c t i o n  ra te  of change 
of power a t  room temperature of - 
Charge Separat ing Mechanism and Ce l l  R e v e r s i b i l i t y  
To examine the charge separat ing mechanism, o r  the 
junct ion,  data on I - V  curves has  been taken. A s  noted 
i n  the f i rs t  q u a r t e r l y  r e p o r t ,  an e f f e c t  of h y s t e r e s i s  was 
ev iden t  i n  the I-V curve.  When the curve was t raced  a t  a 
f i n i t e  rate,  the ascending and decending branches were 
separated. It was not iced during the l a s t  qua r t e r  t ha t  the 
c e l l  could be  pnys ica i ly  Gki-Lged b>" Z;pLyizg fE'!~*-?d nr 
rev2rse b i a s  f o r  a normal c e l l  taken i n  the dark wi th  a 
60 cycle sweep vol tage.  
The c e l l  was connected t o  a cons tan t  cu r ren t  source and 
a 10 ma/cm2 forward cu r ren t  was passed through f o r  24 hours.  
Figure 3-b shows the I -V  curve a f te r  the 24 hours.  
was then reversed. The voltage across  the c e l l  r ap id ly  increased,  
was adjusted t o  5 v o l t s  and applied f o r  24 hours. 
shows the I - V  curve a f t e r  t h i s  biasing.  The process appears 
t o  be r e v e r s i b l e .  
The cu r ren t  
Figure 3-c 
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During t h i s  t e s t ,  another  e f f e c t  w a s  noted. 
forward bias of a c e l l  was removed a f t e r  an extended t i m e  
per iod  and the c e l l  was shor t  c i r c u i t e d ,  a cu r ren t  would 
flow. I n  f a c t ,  power could be e x t r a c t e d  from the c e l l .  
study t h i s  f u r t h e r ,  the  c e l l  was biased i n  the forward 
d i r e c t i o n  and allowed t o  come t o  a s teady s ta te .  
then shorted and the cu r ren t  drawn recorded as a func t ion  of 
time. The time dependence appeared t o  be the sum of two 
If the 
To 
It was 
decreasing exponent ia ls .  
Table I shows the p e r t i n e n t  data f o r  two c e l l s  t e s t e d .  
Note the long time cons tan ts  involved which ind ica te  that  
r e l a t i v e l y  immobile charge c a r r i e r s  a r e  involved,, I f  t h i s  
e f f e c t  i s  the  r e s u l t  of motion of i ons  i n  the space charge 
region, a few ca l cu la t ions  are i n  order .  
Assuming t h a t  the ions  a re  s ing ly  charged, then the f o r -  
ward bias causes a d r i f t  arid separatior, of t he  
a d ipole  l aye r .  
metal ions  and, therefore ,  are considered e s s e n t i a l l y  f ixed .  
;;hcri ?2x zzl!, 2: z h c r t ~ f i ,  it h ~ h a . v e ~  es R condensor w i t h  s to red  
charge.  
i n n s  5nt.c 
The negative ions  a re  large compared t o  pos i t i ve  
The cu r ren t  flowing can be r e l a t e d  t o  the charge 
remaining by 
Q I P - = cur ren t  
7 
Q I Charge 
7= discharge time constant  
Assume a l s o  that  the charge Q i s  accumulated i n  two sheets 
( p o s i t i v e  and negat ive)  separated by a d is tance  W i n  a ma te r i a l  
where the ion d i f fus ion  constant  i s  D. 
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Then 
W = spacing of charge shee t s  
D = d i f fus ion  constant  
By the E i n s t e i n  r e l a t i o n  
Y 
~1 = ion mobil i ty  
k = Boltzmann's constant  
T = absolute temperature 
q = e l e c t r o n i c  charge 
So t h a t  
"( = W2q,hkT 
p = W2q/!kT 
Using the second set  of data  p o i n t s  w i t h  approximately equal  
L 2 _ _ _  
LALIL~Z! cor is tants  for the t!.io inns,  a ~ d  a s ~ ? ~ m i n g  the charge 
separa t ion  i s  lO-'cm 
I. 
yl = 6.1 minute 
d..  - ? z 3  minute 
I Z  - 
w 10%~ 
we f i n d  
= 10-7cm2/vol t se c ond P l  
P 2  = 9 x 10'6cm2/volt second 
For c r y s t a l l i n e  halides,  the  i on ic  m o b i l i t i e s  a t  room 
temperature are on the order of t o  10-7 cm2/volt sec., 
which i s  i n  good agreement with the measured values .  Thus, 
i t  would appear t h a t  i on ic  motion can be the major cause of the 
long  term hysteresis i n  the I-V data .  
The e f f e c t  of power ex t r ac t ion  a f t e r  a p p l i c a t i o n  of 
forward b i a s  i s  a l s o  recognized as p e r s i s t e n t  i n t e r n a l  p o l a r i z a t i o n ,  
which was seen i n  CdS some time ago. (1) 
- I n t e  rf ace Mate r i a l  s 
I n  order  t o  make a more ohmic con tac t  between the CdS 
and the subs t r a t e ,  s eve ra l  mater ia l s  are being inves t iga ted  as 
i n t e r f a c e  materials. 
appl ied  by sputtering o r  e l e c t r o p l a t i n g .  
In  most cases, the materials have been 
I n  the f i rs t  q u a r t e r l y  r e p o r t ( 2 )  it was repor ted  t h a t  
of the metals inves t iga ted ;  namely, gold,  s i l v e r ,  z inc,  copper, 
s i l v e r  appeared t o  be the best  material. 
Since then seve ra l  c e l l s  have been made using sputtered 
s i l v e r  i n t e r f a c e  l a y e r s  o f  l e s s  than 0.5 m i l s .  
of cases, the ce l l s  wi th  the s i l v e r  i n t e r f a c e  have y ie lded  
s l i g h t l y  higher  s h o r t  c i r c u i t  cu r ren t s  than the con t ro l  c e l l s  
I n  the major i ty  
(wi thou t  tlie s i l i i e r )  . ThTs i n t e ~ f a c e  has bppn QLI-C,C.F?SS~U~ enough 
t h a t  w i t h  the approval of the con t r ac t  monitor a smaii quani i iy  
of the c e l l s  produced on the p i l o t  l i n e  w i l l  be made on s i l v e r  
U V U  - - - 4 - r 7  "IIU m n l t r h A o n l 1 r n  .'*W-CJ The ~ j l v e r  will also Drovide a solderable  
surface on the molybdenum tab. 
More s p e c i f i c  re su l t  s follow . 
Evaporations w e r e  attempted on galvanized metal. However, 
the CdS popped off  the substrate  before i t  could be removed from 
the vacuum chamber. 
good ohmic contac t  t o  the  CdS. 
l a r g e  t o  r e t a i n  the CdS. 
The zinc should have provided an  inexpensive , 
The thermal expansion was too 
14 
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Soms evaporat ions have been made on 2 m i l  1010 shee t  
s t e e l  b o t h  s i l v e r  coated and w i t h  roughened surface . 
Considerable cu r l ing  and evidence of an appreciable  s e r i e s  
r e s i s t a n c e  i n  the f i n a l  c e l l s  was noted. 
Experiments with s i l v e r  coated copper ind ica ted  tha t  
There i s  some c u r l i n g  
Ce l l s  made on the copper-s i lver  
t h i s  combination would be useable.  
but  i t  is  not  excessive.  
s u b s t r a t e  have been comparable t o  those made on molybdenum. 
Careful con t ro l  i s  neoersary i n  many ins tances  o r  the 
s i l v e r  may separate  f rom the copper. Due t o  the e x t r a  
handling problems assoc ia ted  wi th  the copper, molybdenum 
w i l l  continue t o  be used. 
The new n icke l  p l a t i n g  process  repor ted  under Solderable 
Contacts has been used t o  provide an  i n t e r f a c e  ma te r i a l  on tk 
molybdenum. No immediate advantage was apparent . 
I n  the past t i t an ium has been an a t t r a c t i v e  subs t r a t e  
material b o t h  becaase of i t s  lower dens i ty  and thermal expansion 
e x f f i c i e n t .  xazwevey, c e l l s  ~a& urr t;tzzy&~ chs::r z rayI t ;  + k ~ -  
i o r a t i o n  a f t e r  a per iod  of about two weeks of apparent  s t a b i l i t y .  
Upon examination a darkening was found a t  the surface of the 
t i t an ium when the CdS f i l m  was s t r ipped .  
During t h i s  qua r t e r ,  c e l l s  were f a b r i c a t e d  on sandblasted 
A l l  of o r  sandblasted and s i l v e r  ( s p u t t e r e d )  coated t i tanium. 
these s u b s t r a t e s  were glow-discharged p r i o r  t o  CdS evaporat ion.  
The unexpected increase i n  s t a b i l i t y  i n  the t i t an ium subs t r a t e  
c e l l s  prompted removal of some CdS f o r  examination of the CdS-Ti 
i n t e r f a c e .  Af te r  one and two months, no d i s c o l o r a t i o n  was 
v i s i b l e .  So as it has not  been determined whether the surface 
C-rr+mnn+ u I G ~ u ~ r l ~ r L v  ~rt.he g l n w  discharge i s  the important f a c t o r  determining - 
the improved condi t icn .  Additional cells w i l l  be produced . 
CdS Closed Space Vapor Transport Films 
The formation of CdS t h i n  f i l m s  i n  the th ickness  range 
of 10 p t o  40 p 
continued. 
r ep roduc ib i l i t y ,  s o f t  p l i a b l e  c e l l ,  l a r g e r  g r a i n s ,  lower 
operat ing temperatures,  c leaner  vacuum system, and the need 
f o r  only moderate vacuum pressure equipment are b e n e f i t s  accruing 
from t h i s  approach. 
by a closed space vapor t r a n s p o r t  method has 
High material u t i l i z a t i o n ,  p red ic t ab le  r e s i s t i v i t y ,  
Fixture  
The 700°C powder temperature repor ted  l a s t  qua r t e r (2 )  
produced f i l m s  somewhat too t h i n  f o r  convenient c e l l  formation 
p l u s  a longer than des i r ed  deposit ion time. 
range of 700°C t o  750°C was inves t iga ted .  
The temperature 
The increase i n  temperature caused a n  a r e a  i n  the boat t o  
be h o t t e r .  T h i s  i n  t u r n  caused the powder t o  t r anspor t  more 
r a p i d l y  from tne n o t  area ai16 zi'ter 5 s h ~ r t .  time pmdUCed 
temperature g rad ien t s  i n  the hea te r  i tsel t ' .  
d isplayed an  i d e n t i c a l  "hot area" as  a c i r c l e  of s l i g h t l y  th i cke r  
film UZ G i f f z ~ z z t  t cx t zz?  h ~ f .  F m r  adhesion. 
heater sample holder  was indicated.  
w a s  made 3 inches wider,  but the powder holder  was kept  unchanged. 
Th i s  c u t  down the  cool ing of the edges of the powder holder.  
See Figure 4. 
' h e  resu ib ing  filz 
A change i n  the 
The f l a t  hea te r  shee t  
The change proved benef ic ia l  s ince a 3 x 3 inch f i l m  can 
be made w i t h  uniform hea t  and thickness  a t  the p re sen t  operating 
temperature.  
Film Development 
A f t e r  measuring the r e s i s t i v i t y  of the f i r s t  severa l  f'iiws 
16 
Vapor Transport Heater Holder 
Figure 4 
0 
made w i t h  the new b o a t ,  it was found t h a t  i nd iv idua l ly  
prepared, consecutive,  f i l m s  var ied from 100*-cm t o  1 x 10 4 A-cm 
although produced under the same condi t ions from the same batch 
of powder. Therefore, a change i n  the mixing technique was 
requi red  t o  provide f i l m s  with good r e p r o d u c i b i l i t y  under the 
same run condi t ions.  
Several  I ' d m y "  runs were made t o  determine the change 
i n  the temperature and power requirements while using 0, 0.6, 
and 3.0 gms. of charge i n  the boat.  The subs t r a t e  temperature 
was a l s o  measured i n  each run t o  determine the g rad ien t .  From 
the data obtained it was seen tha t  the temperature grad ien t  was 
732 10°C f o r  a l l  runs. No separate subs t r a t e  hea te r  was used; 
however, a r e f l e c t o r  was i n s t a l l e d  over the s u b s t r a t e .  The 
powder-heater temperature was measured wi th  a thermocouple 
xe1ded t o  the heater. This provided the most cons i s t en t  
r e s ? y L t s  
Over f i f t y  runs w e r e  made varying the heater temperature 
and amounts of powder i n  the boat.  The primary object ive was t o  
produce a th i cke r  f i l m  i n  l e s s  time than repor ted  previously.  
It was found tha t  attemperatures below 700°C the  r a t e  of 
t r a n s p o r t  was too  s low (approximately 2 microns/hr . ) .  
temperatures over 750°C the rate was t o o  high. The f i l m s  had 
very  poor adhesion t o  subs t r a t e .  After a series of runs,  a 
heater temperature of 730°C was found t o  be the best  operating 
temperature f o r  a f i l m  10 t o  12p t h i ck ,  The t i m e  required for 
the thickness  was 30 minutes. However, i t  was noted t h a t  when 
afi amount of powder less than 6 g m s .  was placed i n  the boat,  
t he  powder would t r anspor t  very r ap id ly  i n  c e r t a i n  a r e a s  of the 
A t  
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. 
b o a t .  
f i l m s  reported above. 
e s t ab l i shed  as the proper  charge f o r  t h i s  boat .  The depth 
of t h i s  powder i s  approximately 1/16 inches.  
T h i s  seemed t o  be the cause of the "hot spot"  i n  the 
Ten (10) grams of powder has been 
Several  CdS powders were u t i l i z e d  t o  determine whether 
one type t ranspor ted  b e t t e r  than another .  A b r i e f  ou t l ine  of  
the r e s u l t s  i s  given below: 
P owde r 
General E l e c t r i c  
Uns i n t e r e  d 
CdS - L o t  #185 
H a r s h a w  
CdS - 93-6 s i n t e r e d  
H a r  s haw 
s i z e ,  Ave. - 20 p CdS - 0 - 4 4 4  (Iar 
Harshaw 
CdS - This  was s in t e red ,  
tk3.n p t ? l T : E ! r m ? d  
Sylvania 
Lot #625 AUW 
(Imninescent Chemicals) 
Sylvania 
Type - S-20 CdS 
Re sul  t s 
The time required for a thick-  
nes s  of 12  p was a t  least  90 
minutes. Film chipped off i f  
temperature went over 700°C for 
90 minutes. 
Same as above 
Same as above 
Same as above 
Good adhesion a t  a higiiier 
temperature.  Faster t r anspor t  
rate . 
Ee9.t. results t o  da t e .  With t h i s  
powder, good po lyc rys t a l l i ne  
f i l m s  from 20 t o  3Op i n  thickness  
are made i n  30 minutes. 
It was a l s o  found t h a t  using a n  i n e r t  atmosphere, such as 
Several  runs were made using a i r  a t  argon, was no t  necessary.  
1 x 10-3 mm Hg pressure and the t r anspor t  r a t e s  were unaffected as 
compared t o  those made i n  argon. 
used. 
Therefore,  argon i s  no longer 
After f i f t y  runs  the hea te r  holder  was replaced because 
se -----.I V t t  I-aJ. bJ. nn-nlrc r 2 , V Z l . Y  I--- developed. A white c r u s t  was discovered on the 
b o a t .  Upon rep lac ing  th i s  boat,  the t r anspor t  rate dropped markedly. 
0 
0 
0 
0 
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b + 
The t r anspor t  rate had been not iceably high during the las t  
twelve runs with  the o ld  heater holder.  Thus, i n  the following 
s e r i e s  of runs a p l o t  of t r anspor t  r a t e  i n  mg p e r  minute of 
CdS deposited on the subs t ra te  versus  the successive run numbers. 
See Figure 5. 
the t r anspor t  rate increases .  
analyzed. 
tantalum. 
can increase the t r anspor t  rate.  Nevertheless,  t k s e  CdS 
f i l m s  are being produced i n  30 minutes t o  a th ickness  of 
20 t o  30 microns. 
It can be seen tha t  as the white c r u s t  forms 
The c r u s t  has been removed and 
It was found t o  contain a high concent ra t ion  of 
There has been no  conclusion as t o  how t h i s  c r u s t  
The c r y s t a l  s i ze  i s  approximately 10 microns. 
Cell  Fabr ica t ion  
Vapor t r anspor t  f i l m s  are being made i n t o  photovol ta ic  
c e l l s .  
p rogress  t o  determine the m o s t  desirable process  f o r  t h i s  type of 
f i l m .  
needed. 
E x p e r i  e n t s  w i t h  barrier formation and e t ch ings  are i n  
I ts  nature  i s  such that modif icat ions i n  procedure a re  
- -I---- +  r r r r o n 7 n  +'kc. ,.,sL:L,;,i-j-s c-.--c~T- T ~ L c ~ E ~  r'1iy.s are IIer:t=ana1-y u w  u A A u v I I  ".a- 
ments t o  be performed without fear of "short ing" through it .  
It i s  noted that t o  date there i s  no evidence of "shorting" from 
the barrier l a y e r  t o  subs t ra te  due t o  f i l m  pin-holes.  
The f i l m s  repor ted  had r e s i s t i v i t i e s  below 100*-cm. The 
However, the f i r s t  set  of data were made a f t e r  barrier formation. 
next set was made two days l a t e r  ind ica t ing  that  a f te r  heat ing a 
p e r i o d  of time i s  needed before the state of quasi-equilibriwn i s  
reached. These c e l l s  have 
not provided a high output e f f i c i e n c y  and they r ep resen t  only 
a small por t ion  of the new f i l m s .  
Only a few c e l l s  have been laminated. 
21 
t 
Following are typ ica l  data from the I-V curves of s eve ra l  
c e l l s  produced from vapor t r anspor t  f i l m s .  
t 
- No . (microns ) 
v-100-1 
v-100-2 
V-100-4 
v-100-1 
V-102-4 
v-100-3 
v-103-1 
V-103-3  
V-103-4 
V-104-4 
V-105-3 
21 
21 
21 
21 
24 
24 
21 
21 
21 
23 
22 
I n i t i a l  Readings 
(ma/cm2) ( v o l t s )  
voc 
5.6 0.42 
6.7 0.42 
3.3 0.35 
6 .o 0.38 
2 02 0.40 
6.0 0.42 
1.1 0.30 
4.4 0.38 
5.5 0.40 
6.7 0.41 
6.7 0.39 
Two Days Later - 
J voc 
( ma/cm2 ( v o l t s )  
6.4 
6.7 
5.8 
5.5 
6 . 3  
5.8 
6.7 
6.4 
6.4 
6.7 
8.3 
0.43 
0.40 
0.40 
0.44 
0.44 
0.44 
0.40 
0.40 
0.43 
0.42 
0.41 
The s p e c t r a l  response has  been measured f o r  a t y p i c a l  
vapor t r anspor t  type c e l l .  Figure 6 i s  a p l o t  of the data. A 
s l i g h t  d i f fe rence  appears when compared w i t h  the evaporated 
type c e l l .  M o r e  measurements w i l l  be made t o  determine whether 
CdS Surface Treatments \ 
~ ~ -~ 
A pre-treatment of the CdS surface p r i o r  t o  the barr ier  
layer formation p l ays  a c r u c i a l  r o l e  i n  the u l t imate  performance 
of the c e l l .  The parameter most ly  a f f e c t e d  i s  the s h o r t  c i r c u i t  
c u r r e n t .  The reason f o r  t h i s  dependence i s  t h a t  the s h o r t  c i r c u i t  
c u r r e n t  d i r e c t l y  depends on the thickness  of the bar r ie r  l a y e r  
and the number of n-type impur i t ies  i n  it. Both of  these depend 
on the nature  of the CdS i n t o  which the p-type l a y e r  i s  formed. 
22 
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An a c i d  e t c h  of the CdS surface can e i t h e r  reduce the 
cu r ren t  output t o  a value as low as 0.1 ma/cm2 o r  enhance it  
by 2 0 - 4 9  over the cu r ren t  value achieved by making a c e l l  
w i t h  un t rea ted  CdS sur face .  
Surfaces  etched w i t h  a mixture of s i x  p a r t s  g l a c i a l  
a c e t i c  ac id ,  three parts fuming n i t r j c  a c i d  and three p a r t s  
d i s t i l l e d  water gave very low cur ren t  output i f  any a t  a l l .  
Excess sulfur was l e f t  behind on tha surface of the CdS a f t e r  
the e t ch ing  and the subsequent r in s ing .  
The resul ts  of e t ch ing  the CdS sur faces  w i t h  H2S04 o r  
HC1 are comparable when the performance of the c e l l s  made i s  
used as the c r i t e r i o n .  
time. 
a c t i v i t y  a f te r  which etching slows down. 
drop i n  weight l o s s  a f te r  each of the s i x  20 second immersions. 
The r a t e  of e t ch ing  i s  no t  l i n e a r  wi th  
During the f i r s t  30 seconds there  i s  considerable e tch ing  
T a b l e  I1 shows the 
Y c r m k i n w  "..&*'.&~ - r . ~  - I -  F  - - - -.--- w c ,  cI: Jn+nn*qnni i  ~ *.-- b ~ r  c a l r 1 1 2 ~ t i n g  from t'm w e i g i l t  
l o s s  data. 
Etching a CdS f i l m  f o r  60-80 seconds i n  concentrated H2S04 
9 -  - L  L- _-_-_ 4 2 -  o r  f o r  30 seconds i n  1:l HC~:H$ i s  L 5 U l l L G L G l l b  uu p A u v - L u u  2 
CdS surface which w i l l  give a c e l l  of optimum performance. 
s h o r t e r  e t c h  does no t  remove a l l  the undesirable impur i t ies  from 
the CdS surface and a longer one causes deep e t ch ing  along the 
g r a i n  boundaries of the c r y s t a l l i t e s  . 
the ground f o r  a spread-out junc t ion  between the n-type CdS and 
p-type Copper Sul f ide  and u l t imate ly  causes shor t ing  pa ths .  
A 
Such deep e tch ing  prepare s 
The cu r ren t  output of c e l l s  made from etched f i l m s  i s  on 
the average 20 - 40$ higher than the output of c e l l s  made of 
24 
T a b l e  11 
CdS Weight Loss During Etching 
Imme r s ion  
Number 
.- - ~ 
1 
2 
3 
4 
5 
r 
b 
Weight Loss For Each 20 Sec. Immersion 
Sample - Number - -- 
2 3 
Etchant:  Concentrated H2S04 
Etched A r e a  = 4cm2 
All aamples were from same CdS film 
25 
f i l m s  wi th  unetched sur faces .  
f i l m s ,  the sur faces  of which were lapped with 600 and 1000 
g r i t s  and pol ished w i t h  Linde A po l i sh ,  and f i n a l l y  from f i l m s  
which were lapped and pol ished as above and then etched f o r  
s h o r t  i n t e r v a l s  of time. 
i n  Table 111. 
Cells were a l s o  made from 
Representative data can be seen 
Ail these prepara t ions  of the f i l m  p r i o r  t o  the b a r r i e r  
layer formation demonstrated t h a t  the nature  of the surface 
does indeed p lay  an important r o l e  i n  the output of the c e l l .  
However, from the performance p o i n t  of view, the maximum out- 
pu t  i s  achieved by e t ch ing  the f i l m s  in  concentrated H$O4 or 
s o l u t i o n s  of  HC1 and d i s t i l l e d  +O. 
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TABLE I11 
REPRESENTATIVE DATA CF CELLS MADE FROM FILMS WHOSE SURFACES 
IiAVE BEEN VARIOUSLY TESTED PRIOR TO THE BARRIER LAYER FORMIlTION 
Sample 
1 
2 
25 
26 
7 
8 
15 
16 
2 1  
22 
27 
28 
*29 
30 
31 
32 
34 
35 
36 
? ?  > >  - -  
(Not etched) 
( 11 11 ) 
(Etched i n  ace t ic  acid, n i t r i c  acid, 
(Same as sample 25) 
d i s t i l l e d  H20 6 : 3 : 3 )  
(Etched in conb.H2Sq for 30 Sec.) 
I t  I t  11 11 I 1  11 ) ( 
(Etched in concaH2S04 f o r  70 Sec. 
11 I1 I t  I1 
(Etched i n  1:l HCl:H20 f o r  30 Sec.) 
11 11 11 11 11 I1 ( 
(Lapped with 600 G r i t )  
I1 It 11 ) ( 
(Lapped with 1000 Gri t )  
11 11 I t  ) ( 
(Lapped with 600 & Etched) 
I t  11 I t  I1 ) ( I1 
(Polished with Linda A) 
(Polished & etched) 
50 ma 
52 ma 
0.2 m a  
0.2 m a  
59 ma 
bo ma 
80 ma 
70 ma 
68 ma 
65 ma 
10 ma 
. 1 2  ma 
15 ma 
13 ma 
18 ma 
16 ma 
21, -3 
33 lm 
J-+ .I- 
- 2  
38 ma 
42 ma 
43v 
0 43v 
.1ov 
3m 
.43v 
.42v 
.43v 
.43v 
.44v 
.44v 
39v . lrlv 
39v 
4lv 
. lclv 
.42v 
. b?,. 
.46v 
.44v 
I I Av . _-. 
2 4.0 cm2 
4.0 cni 
I 
h 
4.0 cmL I 
4.0 cm 
4.0 cm 
4.0 c m  
4.0 c r L  I 
4.0 cr' 
4.0 c.75 
4.0 cxL 
4.0 cm2 
4.0 C L ~  
2 
2 
2 
c 
4.0 c+ 
h.0 CT.L 
4.0 cn2 
h.0 Cr? 
4.0 cn? 
4.0 CK' 
I 
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Non-Aqueous Sarrier Formation Solut ions - 
Water i n  th3 l i q u i d  o r  gaseous s t a t e  i s  known t o  be 
de t r imenta l  t o  the CdS t h i n  f i l m  c e l l .  Fabr ica t ion  of a 
water s ens i t i ve  device i n  water media would appear t o  pre-  
vent a t ta inment  of maximum c e l l  e f f i c i e n c y .  
If water does r e a c t  i n  a detr imental  manner during the 
barrier formation as i t  does a f t e r  c e l l  f a b r i c a t i o n ,  then 
removal of water should be bene f i c i a l .  
Solu t ions  of CuCl w e r e  prepared using formamide and 
ethylene glycol  as so lvents .  These so lvents  a r e  not  completely 
non-aqueous and may have as much as  I$ water p re sen t .  
was chosen because of i t s  g r e a t  s i m i l a r i t y  t o  water, p a r t i c u l a r l y  
Formamide 
w i t h  respec t  t o  so lvent  p rope r t i e s .  
For the formamide inves t iga t ion ,  4 gram/liter of CuCl 
was added. The CuCl turned yellow immediately and s e t t l e d .  
il*kn LI+U -=>in- Yur'-- r a r l ~ ~ z c t  --- I iaz ic?  rema5ned c o l o r l e s s .  Sol t l t l s r?  ~ 8 %  heated 
t o  70°C causing much of the s o l i d s  t o  d i sso lve .  Several  e tcnea  
CdS f i l m s  w e r e  immersed, r insed,  heated a t  250°C and t e s t ed .  
- 
Results appear i n  T a b l e  i v .  Tilt3 szri tzch2?in;-?fl was followed 
w i t h  the  ethylene g lyco l .  No ind ica t ion  of so lvent  r e a c t i o n  
was noted when the so lu t ion  was prepared. 
A s  can be seen f r o m  the table,  c e l l s  can be prepared by 
t h i s  approach but nothing spectacular  i s  apparent .  
The b e t t e r  c e l l s ,  -2, -6, -14 were laminated. OCV was 
0.48, 0.47, and 0.48V respec t ive ly ;  SCC was 17, 9, and 59 respec- 
t i v e l y ;  and e f f i c i e n c i e s  were 0.7, 0.3, and 2.G r e spec t ive ly .  
The  l a t t e r  b a r r i e r  was s l a t e  gray. 
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T a b l e  I V  
F i l m  No. - 
113-3-1 
113-3-2 
113-2-11 
113-2-12 
108-3-13 
108-3-14 
108-2-15 
108-2-16 
113-3-3 
113-3-4 
113-2-5 
113-2-6 
108-3-7 
108-3-8 
108-2-9 
108-2-10 
CdS Cells Prepared I n  Non-Aqueous Media 
Imme r s ion 
Etched -- Solvent Te rnpe ra t u re  Time OCV - SCC Remarks -
X Formamide 70°c 5 sec.  .42V 12mA 
Formamide 70°c 5 sec.  .47v 1% 
X Formamide 70°c 20 sec.  .31v i % n ~  
Formamide 70°C 20 sec.  Ope n 
X Formamide 70°c 50 sec.  .4OV 1gmA 
Formamide 70°c 50 sec.  049 43mA 
X Formamide 90°C 20 sec.  .39 l0mA 
Formamide 70°C 20 sec.  . 40 7mA 
X Ethylene 70°c 5 sec.  
Glycol 
Ethylene 70°C 5 sec.  
C i y c o i  
X Ethylene 70°c ‘LO sec . 
Glycol 
Et hy l e  ne 7ooc 20 seco  .45 6 m ~  
n 1 TI- -1 
U I J V ” *  
X Ethylene 70°c 50 sec.  
Glycol 
Glycol 
E t  hy l e  ne 70°c 50 sec. .46 5mA 
X Ethylene 90°C 20 sec.  
Glycol 
E t hyle ne 90°c 20 sec.  47 7mA 
Glycol 
Ope n 
Open 
e -  +e n 
Open 
Open 
Cel l  s i z e  was 1-1/4” x 1-1/4” f o r  all experiments 
. 
Vapor Transport  of Cu2S 
During t h i s  q u a r t e r  data has been taken on the vapor 
t r anspor t  of CuzS and CdS t o  determine the f e a s i b i l i t y  of 
vapor deposi t ing f i l m s  of Cu2S onto CdS o r  vice-versa.  
Two small two-zone furnaces were assembled by winding nichrome 
ribbon on quartz  tubing which was then s l i d  ins ide  larger 
quar tz  tubing t o  reduce r a d i a t i o n  heat l o s s .  The l a r g e r  
diameter quartz  tubing was then wrapped wi th  asbes tos  
the hot  zone. Associated power suppl ies  and c o n t r o l l e r s  
independently con t ro l l ed  the temperature of each zone using a 
C/A thermocouple ins ide  the smaller  diameter quar tz  tubing. 
Temperatures could be maintained as h igh  as llOO°C. 
over 
Varying amounts of Cu2S (prepared by passing H2S over 
semiconductor grade Cu a t  8 0 0 " ~ )  and I2 w e r e  sea led  i n t o  small 
(5m I D  x 6")  evacuated quartz  tubes.  The tubes were then 
?laced i~ the two-zone furnace W L W  a i ' -  a p p ~  ------- U A L ~ ~ ~ ~ ~ ~  m n f a T ~ 7  1" nf tUbp 
i n  the cold zone. 
The t r anspor t  ve loc i ty  was computed from the v i s u a l l y  
observea cnange in aiZc G? tkc zk;ccr;;lt. E ne assume that material 
i s  t ranspor ted  at a rate proport ional  t o  the exposed surface 
area, or V(gms/sec) = k A(cm2), then k i s  c h a r a c t e r i s t i c  
of the ma te r i a l  and the t w o  temperatures.  Q u a l i t a t i v e  data  
taken  on Cu2S supports  this assumption. The data ind ica t e s  tha t ,  
a .  Cu2S does no t  t r anspor t  by evaporat ion f o r  
T ( feed  p i l e )  = l O 5 O " C  
T (co ld  zone) = 600°C 
a l though considerable c r y s t a l  growth takes place on the feed p i l e .  
b. Transport  of Cu2S takes  place i n  the presence of 
iodine vapor for T ( feed  p i l e )  > - 1000°C. 
t r anspor t  on the iodine densi ty  i s  given i n  Figure 7. 
The dependence of 
C .  The c r y s t a l  s i ze  of the t ranspor ted  Cu2S depends on 
the temperature . 
d. For T (cold zone) > - 3OO0C, the t ranspor ted  ma te r i a l  
does no t  recombine t o  form Cu2S but deposifvs as  C U I  and S. 
e Transported Cu2S depos i t s  p r e f e r e n t i a l l y  on Mo, 
forming l a rge  c r y s t a l s  . 
Several  runs were made t o  examine the t r anspor t  of CdS 
i n  the small sea led  tubes.  The r e s u l t s  ind ica te  t h a t  
a. CdS t r anspor t s  very slowly b y  evaporation a t  
T ( f e e d  p i l e )  = 7 O O 0 C ,  
T (cold zone) = 60c0c, 
The condensate c o n s i s t s  of needles,  approximately 
1flm x 0.Olmm. 
- - -  I -.P c v vu- , - _ _ _ _  ,.2,-,----+- * - l )< ) l  u u  Trnm-nTr I"*., r n n - t d l y  .- -=----  i n  pressi-ice "1 
iodine vapor a t  the same temperatures.  Tne condensate c o n s i s t s  
of severa l  c r y s t a l s  which e x h i b i t  the same shape as n a t u r a l  
c r y s t a l s  of Greenockite. 
c .  A CdS c r y s t a l  w i t h  a chemiplated surface t ranspor ted  
r a p i d l y  a t  the same temperatures. The condensate consis ted of 
deep red c r y s t a l s  showing the shape observed for the t r anspor t  
of CdS. The feed p i l e  residue was a black c r y s t a l  w i th  an  
oc tahedra l  shape ind ica t ing  t h a t  i t  was Cu2S. 
d.  For T (co ld  zone) - > 300°C, the t ranspor ted  mater ia l  
does no t  recombine t o  form CdS but  depos i t s  as CdI2 and S. 
The observations taken on the t r anspor t  of Cu2S 
sugges t s  t h a t  the close spaced t r a n s p o r t  technique described. by 
. 
b 
cu 
0 
0 
0 
0 0 
0 
0 
u u  
0 0  
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'0 
o r l  
II 
cv 
I 
0 
rl 
( m s /  m3/sru2t%) z 
32 
M 
I 
0 
A 
e . 
Nico l l  (3) would no t  be su i tab le  f o r  the prepara t ion  of l a rge  
f i l m s  of Cu2S. 
tube u t i l i z i n g  a flowing gas. 
A more appropriate  system would be an open 
Ear ly  success wi th  respec t  t o  t h i n  f i l m  s o l a r  c e l l s  i s  
n o t  expected s o  t h i s  phase of the program has been c u r t a i l e d .  
C o l l e  c t o r  Grids 
Electrodeposi ted Gr ids  
Yie ld  
The improvements i n  e l e c t r o p l a t i n g  techniques noted i n  
a previous r e p o r t ( 2 )  have continued toward increased y i e l d s  . 
Two advantages can be given f o r  t h i s  type of g r id ;  (1) very 
high r e l i a b i l i t y  and s t a b i l i t y ,  and ( 2 )  low material cos t s .  
Electroformed g r i d s  range f r o m  $2 t o  $4 p e r  3" x 3" whereas 
the e lec t rodepos i ted  cos t  about 30 cents .  The o v e r a l l  y i e l d  
based on 106 samples i s  81$, as shown on the bar graph i n  
Figure 8. 
d k w i n !  the first quarter . 
(Th i s  compares w i t h  a y i e l d  f igu re  of 67% noted 
\ 
mst month 31 out of 33 c e l l s  were successf 'uliy gr iaaed  
g iv ing  a y i e l d  of 9%. 
Der ore anu t~ UGA. Au b.-Lyy -c-- - u -  
These r e s u l t s  a re  based on e f f i c i e n c y  
-nL--- --*a - lnn+nnnlakina_ One 1'' x 1" c e l l  w i th  . -  
e l e c t r o p l a t e d  g r id  has an e f f i c i ency  of 5.M. 
has been stable f o r  two months. Th i s  w i l l  be submitted t o  
This  e f f i c i e n c y  
NASA Pro jec t  Manager f o r  evaluat ion.  
P l a t i n g  Solu t ions  
Cells p la ted  i n  a high speed gold p l a t i n g  s o l u t i o n  were 
compared wi th  c e l l s  p l a t e d  i n  the standard manner. 
was noted i n  e l e c t r i c a l  c h a r a c t e r i s t i c s  even though the high 
No d i f fe rence  
33 
v, 
9 
9 
w 
u 
u. 
0 
a 
w tn 
5 
1 z 
RE 1 ECT 5 -ACCEPT 
TOTAL NUMBER OF CELLS 1 0 6  
NUMBER ACCEPTED 86 
8 1  % 
-3 5 -25 -1 5 -5 0 5 1 5  25 35 
F ig . .  8 PERCENT CHANGE I N  CELL 6 F F .  DUE TO PLATING ELECTROPLATING Y I E L D S  
3 4  
" 
speed process  produced a th icker  p l a t e .  This i s  due t o  the 
gold a l l o y  i n  the standard procedure being more conductive 
than gold.  
Lamination of Grid E lec t rop la t ed  Cells 
On c e l l s  using the Buckbee-Mears electroformed mesh, and 
e f f i c i e n c y  increase of about 2% is  noted as a r e s u l t  of 
lamination. Some of t h i s  increase i s  due t o  b e t t e r  o p t i c a l  
coupling as a resul t  of the p l a s t i c  f i l m  encapsulant and b e t t e r  
e l e c t r i c a l  contac t  between t h e  mesh and the p-layer.  Other 
reasons f o r  t h i s  increase are  being considered as p a r t  of the 
c e l l  model research  e f f o r t  . The major problem confronting 
g r i d  e l e c t r o p l a t i n g  i s  the absence of e f f i c i e n c y  increase as 
a r e s u l t  of lamination. A study i s  under way t o  determine the 
d i f f e rence  between electroformed mesh c e l l s  and g r i d  e l e c t r o -  
p l a t e d  c e l l s  before and a f t e r  lamination. I-V c h a r a c t e r i s t i c s  
and q e c t r s l  response rreaziizzezts are t?el.ng used as the 
As the first  s tep  G % - . < c  a - - v n o -  p r i n c i p a l  means of comparison. V I L A  I Ai:':-- 6 2  
t i g a t i o n ,  the s p e c t r a l  response of a n  unlaminated c e l l  before 
and arter e i e u t r G p l a t i c g  X P S  measured. See Figure 9. Results t o  
date show t h a t  the quantum y i e l d  on the g r i d  e l e c t r o p l a t e d  c e l l  
i s  lower over the e n t i r e  s p e c t r a l  response region. Addit ional  
data from seve ra l  samples are necessary t o  confirm t h i s  r e s u l t  
because t h e  f irst  samples used had a low quantum y i e l d  a t  ene rg ie s  
above 2.5 eV.  
Environmental Test on Grid Elec t ropla ted  Cells 
Figure 10 shows the r e s u l t s  of vacuum environment on two 
sets of c e l l s  which a re  from d i f f e r e n t  CdS evaporation runs,  
numbered 61 and R159. Data on both e l e c t r o p i a k d  grid and 
35 
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1 . 0  I 
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-e AFTER PLATING 
10'1 
10'2 
I I I I 1 I 
1 . 2  1 . 6  2 . 0  2 . 4  2 . 0  3 . 2  3 . 6  
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F i g .  ,9! SPECTRAL RESPONSE 36 
I uuz 
80% 
6 0% 
4 0% 
2 0% 
1 00% 
8 0% 
6 0% 
4 0% 
2 0% 
ELECTROPLATED GRID e- 
D x-- -x BUCKBEE-MEARS 6R 
1 0  2 0  30 4 0  
T I M E  ( D a y s )  
( a )  RUN 61 
5 0  60 
I I 1 I I I 
1 0  20  30 4 0  5 0  6 0  
T I M E  ( D a y s )  
( b )  RUN R 1 5 9  
F i 8. 1 0 VACUUM ENV I RONMENTAL TESTS 
37 
Buckbee-Mears g r id  c e l l s  are repor ted  f o r  comparison. Figure 1 O A  
shows l i t t l e  degradation on c e l l s  from Run 61. The f l u c t u a t i o n s  
are within the experimental  e r r o r  of the measurement. Figure 10B 
shows considerable degradation on both types of gridded c e l l s .  
Since both groups from Run 61 d id  no t  degrade, it can be con- 
cluded that e l e c t r o p l a t i n g  does no t  cause degradation a f t e r  
laminat ion even though the e f f i c i e n c y  increase as a r e s u l t  of 
lamination i s  absent.  
Electroformed Grids 
N e w  Method of Attachment 
~ -~ 
The c o l l e c t o r  gr id  design and the method of attachment 
t o  the c e l l  has been a continuing problem. Several  approaches 
t o  an acceptable so lu t ion  have been followed w i t h  r e spec t  t o  
s e l e c t i o n  of the g r i d  material such as gold,  s i l v e r ,  copper 
o r  n i cke l ,  and with r e spec t  t o  the method of attachment;  i .e. ,  
- - - J - - . . - . D ' + <  -,)? lzz?inst..inn o r  eiecbrw~t=p u u i v r l , , ,  
Attachment of a m t a l l i c  g r id  by zne i ' u 5 i ~ r i  ef p i z s t i c  
during lamination provides  the mos t  e f f i c i e n t  c o l l e c t i o n  of 
current, i r i i i , i & l l > -  bz t  2 2 ~ 4  nnt. remain a t tached  over a long 
p e r i o d  of temperature cycling. The e lec t rodepos i ted  g r i d  
prev ious ly  d id  not  provide an  i n i t i a l l y  high c o l l e c t i o n  
e f f i c i ency ,  but does provide a tenacious g r id  wi th  very high 
r e l i a b i l i t y  during,  thermal cyc l ing  f o r  c e l l s  of 5% e f f i c i e n c y .  
Although the e f f i c i e n c i e s  reported f o r  the e l ec t rodepos i t ed  
g r i d  have reached the $ l e v e l  and that  the t o t a l  amount of 
materials per  c e l l  i s  less than any o the r  workable method, it 
38 
b 
i s  a l s o  desired t o  provide a more rapid method of g r i d  attachment.  
A Harshaw Company funded p r o j e c t  has found that electroformed 
gold and o the r  metals could be compression-bonded t o  the c e l l  
surface w i t h  varying degrees of  success.  Because of the success 
and s i m p l i c i t y  of the procedure, i t  was f e l t  that the compression 
bonding approach was worthy of f u r t h e r  i n v e s t i g a t i o n  on t h i s  
c o n t r a c t  . 
The primary ob jec t ives  are (1) Ease and r a p i d i t y  of 
attachment,  ( 2 )  S t a b i l i t y  and r e l i a b i l i t y ,  p a r t i c u l a r l y  wi th  
r e spec t  t o  thermal cycl ing,  (3) Lower l a b o r  cos t ,  ( 4 )  Cells 
with open face ,  and ( 5 )  Numerous new methods of encapsulat ion.  
The compression bonding procedure i s  e s s e n t i a l l y  the 
pos i t i on ing  of the desired gr id  material on the face of 
the c e l l ,  p lac ing  the c e l l  between two shee t s  of shim stock s t e e l  
o r  o ther  s u i t a b l e  s tock,  and then  applying the heat  and pressure 
i n  the range of 3000 p.s . i .  simultaneously. 
Bonding of gold g r i d  t o  the  CdS c e l l  was quite success- 
f u l  w i t h  th1.s methad a;i.,d sazples are w i n g ,  p r i z p ~ x 5  f c . r  si-iti- 
mission t o  NASA f o r  temperature cycl ing t e s t s .  O t h e r  metal 
- .  
- gr ids  have been used and have been found t o  bond t o  a l e s s o r  
degree. Fur ther  experimentation i s  expected t o  provide c e l l s  
w i t h  the cheaper metal c o l l e c t o r s  such as copper and n i cke l .  
Lamination 
There a re  s t rong  ind ica t ions  that no encapsulat ion w i t h  
p l a s t i c s  i s  requi red  f o r  t h i s  procedure. Thinner, uncovered 
c e l l s  are poss ib le  provided covers are no t  needed t o  exclude 
moisture and t o  provide p ro tec t ion  from 0.5 MeV protons.  
Samples are b e i n g  prepared f o r  submission t o  NASA, Uwis 
Research Center. 
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Subs t ra te  Mil l ing 
Electrochemical M i l l i n g  
Experiments involving e l ec t roe t ch ing  o r  m i l l i n g  of the 
s u b s t r a t e s  have been concluded. C e l l s  f a b r i c a t e d  on 2 m i l  
molybdenum can be m i l l e d  e lectrochemical ly  a f t e r  lamination. 
The exposed back of the c e l l  i s  made anodic af ter  immersion 
i n  the so lu t ion  as p e r  i n s t r u c t i o n s  given i n  the F i r s t  Quarterly 
Report. Cells can be produced wi th  high watts per pound 
va lues  by t h i s  procedure.  Care must be exerc ised  i n  the 
s e l e c t i o n  of the shape cathode and the d is tance  of the cathode 
from the c e l l  otherwise "edge-effect" w i l l  cause a rapid a t t a c k  
a t  the c e l l ' s  edges. The attack can cause complete removal of 
t h e  subs t r a t e  leaving the CdS l a y e r  exposed. An extreme case 
would be formation of a s m a l l  hole completely through the cz11 
u n i t  . 
\)lLcI nknm-l ,,*A" f i ~  -& 1 qn?-qv '-r - -" Milling 
A commercial spray e t che r  has shown success.  P ieC . i i i i i i l l 2%1 and 
e l e c t r i c a l l y  operat ive samples of CdS c e l l s  ( ,002" substrates) 
were spray-etcned iu a ---*Q,.-m uAAAVI..- +h.lpkn - - _ _ _  ess of O.OOO5". Etching 
was done on a double-sided, hor izonta l  spray e t c h e r  using 
H2SO4, HNO 
and maximum temperature during e t ch ing  was 130'F. 
c a l l y  operat ive c e l l s  ( ~ 6 2 B  and M132C) d i d  not  degrade as a 
r e s u l t  of t h i s  spray etching but remained unchanged. T h i s  
method of molybdenum removal t o  reduce o v e r a l l  c e l l  weight i s  more 
r e l i ab le  than the chemical immersion-etch w i t h  HN03 and the 
e lec t rochemica l  e t c h  wi th  KOH. Any fu tu re  commercial requi re -  
ment f o r  very t h i n  CdS c e l l  s u b s t r a t e s  Can U t i l i z e  the G O i r i T ~ r ~ i ~ l l ~ '  
and H20 i n  l : l : l : 5  r a t i o .  Etch time was 17 seconds 
Both e l e c t r i -  
3' 
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ava i l ab le  spray e t ch ing  equipment . 
Solderable Contacts t o  Molybdenum 
A process  has been developed by a subs id ia ry  of The Harshaw 
Chemical Company that can be employed i n  c e l l  f a b r i c a t i o n .  By 
use of t h i s  process,  n i cke l  coatings ( th i ckness  i n  the thousand 
A range)  can be p l a t e d  onto the molybdenum subs t r a t e  . 
e l imina te s  the need f o r  a two m i l  t h i ck  n i cke l  i n t e r f ace  f o r  
T h i s  
welding leads t o  the molybdenum. Furthermore, t h i s  coat ing i s  
extremely adherent and allows l eads  t o  be soldered o r  welded 
d i r e c t l y  t o  the subs t r a t e .  W i r e s  soldered t o  the molybdenum 
broke before the so lde r  j o i n t .  T h i s  method i s  expected t o  
produce increased contac t  r e l i a b i l i t y .  This  knowledge i s  
being appl ied i n  the  f a b r i c a t i o n  of NASA c e l l s .  The n i cke l  
p la te  can be appl ied  a t  any p o i n t  i n  the c e l l  process  without 
t reated w i t h  peroxide can be p la ted wi th  gold o r  o the r  metals. 
The coa t ing  i s  said t o  D e  iuu&i zz2 z2he??r?tc 
P i l o t  Line 
During t h i s  q u a r t e r  sixty-four 3" x 3'' c e l l s  were f a b -  
r i c a t e d  on the p i l o t  l ine .  
The highest e f f i c i e n c y  was 4.w. 
taken  before lamination. Lamination should improve t h e m .  
The average e f f i c i e n c y  was 3*?$. 
A l l  o f  these e f f i c i e n c i e s  were 
Several  of the f i l m s  made during t h i s  q u a r t e r  displayed 
I-V curves i n d i c a t i n g  a double diode . The cause was f i n a l l y  
t r aced  t o  a t h i n  l a y e r  t h a t  f o m d  on the subs t r a t e  when the 
subs t r a t e  heater was turned on p r i o r  t o  evaporation. FOrmdtlm 
41 
. 
o f  t h i s  f i l m  can be prevented by baking out  the hea te r  before 
the subs t r a t e  is placed i n  the holder.  T h i s  problem seems t o  
have been occasioned, o r  a t  least  made acute ,  when the subs t r a t e  
f i lament  d i s tance  was shortened by 3% . 
dis tance  has been re turned  t o  nine inches and the substrates 
are baked out before each run. 
Th i s  source-substrate 
Several  c e l l s  were supplied t o  Contract NAS3-6464 f o r  var ious 
a n t i - r e f l e c t i v e  coa t ings  during t h i s  per iod.  
C . 
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